Studies tracing parental origins of human mutations by means of cytogenetic polymorphisms and RFLPs show that most trisomics arise out of maternal errors of segregation at the first meiotic division in oocytes. Temporal disturbance of meiotic progression seems likely to underly aneuploidy production in the female mouse, and this could equally be true in women, most especially as they approach the menopause when irregular cycicity sets in. For human monosomy X, a high proportion of cases show loss of the paternal sex chromosome, and from experimental data giving similar findings in the mouse, it seems likely that the error could arise at the pronuclear stage after sperm entry into the egg, rather than at meiosis in the male. For human point mutations and structural rearrangements, a bias exists towards paternal origins. Errors arising during spermatogonial proliferation in men could contribute point mutations, these accumulating over a lifetime to give paternal age effects. For structural rearrangements, the hypersensitive stage is likely to be the postmeiotic differentiating spermatid, a stage not subject to germinal selection, and one which in Drosophila has been shown to combine high breakability with enhanced repair. Lack of a comparable cell type to the condensing spermatid of the male might be a reason why balanced structural rearrangements are produced rather rarely in females, at least in the mouse.
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Ever since the beginning of human genetic and cytogenetic investigation, studies have been made into tracing the parental origins ofchromosome anomalies.
Early studies, based on the inheritance of X linked red-green colour blindness,' showed that maternal non-disjunction played a part in some cases of Klinefelter's syndrome (47, XXY) , and indicated the maternal origin of the single X chromosome in Turner's syndrome (45,X) .2 Following the discovery of the X linked gene Xg, Race and Sanger3 showed that for the 47 ,XXY condition, the extra X was paternal (XmXPY) in 33% of cases and maternal (XmXmY) in 67%, while for the 45 ,X condition 77% of cases showed retention of the maternal X chromosome (Xmo). 4 The extra chromosome in autosomal aneuploid conditions like Down's syndrome (trisomy 21) could not be investigated cytologically for some time, but, nevertheless, it was assumed even in the early days that at least some of the cases originated from malsegregation in oogenesis because of the well known maternal age dependency of the condition. It was after the introduction of banding techniques5 that the breakthrough really came, with a rapid realisation that cytogenetic heteromorphisms could be used in tracing the origins of aneuploids and polyploids, and a wealth of data accumulated.6 7 Studies into the parental origins of structural rearrangements were also carried out.8 Now, in the era of molecular investigation, with RFLPs having been identified on all human chromosomes, the way has been opened up for investigation into the origin of an infinite variety of mutations arising de novo, both in the germline and somatically, and some interesting facts are emerging. It appears that while for most aneuploids, there is a bias towards maternal origins, point mutations and structural rearrangements seem to arise de novo much more commonly in males. Much current debate is focused on this issue and questions regarding whether 'imprinting' might play some role or whether, for example, extra environmental exposure of men could be important, have been raised in various publications.
No clear answers, however, have yet emerged.
In this review, I would like to focus on data which have been obtained in other species, notably Drosophila and the mouse, which I believe can, by extrapolation, give valuable clues to the possible times and mechanisms of origin for some de novo mutations in man. For aneuploid conditions, hard data exist in the mouse which can be extrapolated to the situation of human chromosome loss and non-disjunction, while for point mutation and structural rearrangement, an abundance of data is available relating both to the mouse and Drosophila, from mutagenesis studies carried out in the 1950s and 1960s, which may provide clues to times of origin and to the possible reasons for the extra sensitivity of male germ cells over female. It is first necessary, however, to provide a general outline of gametogenesis in the human male and female for readers who may be less familiar with the important stages in germ cell development and to which reference can be made in later sections of this review.
Spermatogenesis
Spermatogenesis is an intricate and involved process requiring, from puberty onwards, a continuous production of spermatozoa by the seminiferous tubules, production which, in quantitative terms, is astronomical over the life span of a person. In man, it has been estimated that 64 days are required for spermatogenesis to be completed in the testis,9 a further 10 to 11 days being required for passage of spermatozoa through the epididymis and vas deferens into the ejaculate.
At puberty in the male, gonocytes give rise to spermatogonia which then divide mitotically several times before becoming primary spermatocytes. (fig 2) . Newly formed spermatids have a small spherical nucleus but, as spermiogenesis proceeds, they pass through an extremely complex series of morphological changes during which the nuclear chromatin condenses into an elongated fusiform body covered by the acrosome (fig 2) . Spermatozoa from the testis are not functionally mature; they acquire motility and fertilising capacity during passage through the epididymis. Many details of the process of spermatogonial renewal in man remain still debatable, such as there being only one generation in each class of spermatogonia, spermatogonia of e'ach type dividing once and only once during each cycle of the seminiferous epithelium and not reverting back to the stem cell condition once embarked on their course of differentiation, and the dark type A actually being the stem cell typeY10
Oogenesis The formation, development, and maturation of the female gamete begins in embryonic life and continues to the time of ovulation. During fetal development there is a period of oogonial division when numbers increase very rapidly; during germ cell migration there are 1700 cells; during the second month of pregnancy 600 000, and at the fifth month 7 million."
After a finite number of mitoses, the oogonia become transformed into oocytes which then enter the prophase of the first meiotic division, from this time on oocytes being incapable of increasing their numbers and, hence, the population of germ cells only reducing with age. This occurs by the process of atresia and by ovulation. This is in strong contrast to the situation in the male where mitotically active Point mutations are generally considered not to be visible microscopically, while structural chromosome rearrangements usually are. Nowadays, however, the distinction can become blurred by borderline cases of minor deletion which may only be detectable by molecular analysis and would escape detection by cytological examination. Indeed, it is possible that many point mutations may in reality be small deletions.
Numerical anomalies AUTOSOMAL ANEUPLOIDS
For trisomy 13,12 13 trisomy 18,14 and trisomy 2112 15 a clear bias towards a maternal non-disjunction (ND) event has been found, more than 80% of errors arising in the oocyte, the majority at the first division. Data for trisomies 3, 4, 9, 14, 15, 16, and 22, though more limited, are consistent with this.'2 For most autosomal trisomic conditions, a maternal age effect has been shown, the magnitude varying among individual chromosome pairs with the smallest pairs appearing to show the strongest association. '2 16 SEX CHROMOSOME ANEUPLOIDS For the triple X condition, more than 90% of ND Chandky errors arise maternally, again mostly at the first meiotic division.'7 A maternal age effect is also found. For the XXY condition in men, Jacobs et al,'8 using RFLPs, have shown that the ratio of maternal to paternal errors is about 47% to 53%, slightly but not significantly different from the original estimates of 67% to 33% based on Xg typing.3 Interestingly, but as expected, increased maternal age was found in association only with maternal ND errors (XmXmY). RFLP analyses on aborted fetuses and women with Turner's syndrome'9 extend but confirm the original Xg results in showing that some 80% of cases retain a maternal X chromosome (XmO). The XPO cases show an association with reduced maternal age, suggesting a meiotic loss or ND mechanism which occurs more frequently in young women.
MECHANISMS OF ORIGIN IN HUMAN MONOSOMY AND TRISOMY
In spite of numerous hypotheses20 to explain the preferential occurrence of non-disjunction during the first meiotic division for autosomal aneuploids as well as the triple X and XXY conditions, and to explain the maternal age effect in women, hard data are difficult to come by. Nevertheless, recent For the female mouse, a shortening in the meiotic prophase appears to be a main predisposing factor in age related aneuploidy, the time available for attachment and alignment of chromosomes on the spindle before anaphase transition being found to be less in old oocytes.22 Changes in hormonal feedback mechanisms at the end of the reproductive lifespan might be causal to these changes in meiotic timing and progression. The first meiotic spindle itself seems not to be abnormal in old mouse oocytes. If meiotic timing is critical, errors in young oocytes leading to aneuploidy might also arise sporadically owing to temporal disturbance of meiotic progression, such errors becoming increasingly common as women reach the end of their reproductive lifespan when menstrual cycle length irregularities set in.
For monosomy X in man, while not ruling out meiotic losses entirely, another time when a paternal sex chromosome might be lost is at the pronuclear stage after sperm entry into the egg. Studies in the mouse23 have shown that many xmo mice arise, both spontaneously and by radiation induction, at this sensitive time, paternal sex chromosome losses occurring about 10 times more frequently by irradiation of the male pronucleus than byirradiationofspermatozoa.
A significant number of spontaneous paternal sex chromosome losses in man might also come about in this way.. A non-meiotic postfertilisation origin for many human xmo subjects appears not to have been considered previously in published reports as emphasis has usually been placed on the occurrence of a paternal error, by implication meaning loss of a sex chromosome during meiosis in the male. ' 24 33 Penrosem appears first to have made the 'copy error' suggestion when attempting to explain the strong paternal age effect found in association with achondroplasia and some other dominant disorders, yet paternal age effects have not been shown for diseases like PWS, Rb, NF-1, WT, or for structural rearrangements of paternal origin.
The process of spermatogenesis in man closely resembles that found in Drosophila and the mouse, two species for which many publications exist concerning the responsiveness of the male germline to the action of radiation and chemical mutagens. These classical studies showed that while point mutations (sometimes in clusters) were recoverable from all stages including spermatogonia, large lesion mutations and structural chromosome changes were mainly the products of treated meiotic and postmeiotic stages.3540 A lower initial sensitivity to induction, combined with the operation of germinal selection, iinimised the recovery of chromosome rearrangements from spermatogonia. In Drosophila, primary spermatocytes appeared particularly sensitive to the induction of deletions,37 while early spermatids were found to be the hypersensitive stage for the induction of translocations.38 For the mouse, the early spermatid has recently been found to be particularly prone to deletion formation using the chemical mutagen chlorambucil,"' investigations at the DNA level showing some of the lesions to be very large.42 Earlier investigations in this species using radiation provided further evidence that only point mutations and perhaps minor deletions were recoverable from treated stem cell spermatogonia, larger deletions being recovered solely from post stem cell stages. 39 For translocations in the mouse, Ford et aPU have shown that only about a half of the rearrangements induced in spermatogonia are recovered in sperm, one particular class of reciprocal rearrangement being notably absent, that is, the male sterile X;autosome translocation. This is because such rearrangements act autonomously during late prophase to kill the germ cells carrying them, recovery thus being possible only from treated postmeiotic stages. 43 The same holds true for certain purely autosomal translocations which are male sterile in the mouse."
In man, it is virtually certain that any paternally derived X;autosome reciprocal translocation (and any purely autosomal translocation which is male sterile) will have originated de novo in a spermatid or spermatozoan. In fact, by extrapolation from the mouse and Drosophila findings, it would seem likely that most large lesion mutations and structural changes in man would derive from a postspermatogonial stage of spermatogenesis, only point mutations and other small intragenic changes being recoverable from spermatogonia. As no barriers exist to the recovery of postmeiotically induced gross rearrangements in spermatozoa, their likelihood of survival and transmission to offspring is far greater than for rearrangements which have arisen premeiotically.
FACTORS INFLUENCING MUTATION INDUCTION IN THE MALE GERMLINE
Point mutations can arise by copy error at S phase when spermatogonia are proliferating mitotically, but are there reasons why meiotic and postmeiotic stages in spermatogenesis might be particularly vulnerable to structural chromosome damage? Chromosome aberrations both in somatic cells and in the germline result from an interaction between two (or more) lesions and therefore require that the cell type shows both breakability and repair capacity. Cytogeneticists group chromosome structural changes that can be induced in somatic cells into convenient categories, each one of which might also arise de novo in the germline. The classification includes 'interchanges' leading to reciprocal translocation, 'inter-arm intrachanges' leading to ring chromosomes and pericentric inversions, and 'intra-arm intrachanges', which can produce paracentric inversions and interstitial deletions.4 Spatial arrangement of the chromatin in the nucleus could be one very important factor determining the type of rearrangement produced. For example, Ockey,-using chemically treated root tip chromosomes of Vicia faba, showed that while the condensed nuclei of early prophase tended to give a preponderance of interchanges, the large late prophase nucleus, when treated, gave mainly intrachanges. During spermatogenesis, very extreme size changes and spatial arrangements of chromosomes within nuclei at different stages can be found, the small early prophase nucleus increasing enormously through pachytene, diplotene, and diakinesis, and then diminishing dramatically as early round spermatids condense down into spermatozoa. The large primary spermatocyte nucleus, when bivalents are widely separated from each other, was considered by Chandley and Bateman37 to be a cell stage which favoured intrachange, deletions and duplications perhaps arising at this time by unequal crossing over after illegitimate pairing. 47 On the other hand, the high breakability and enhanced repair capacity in spermatids, combined with large scale chromatin movements which occur during condensation and metamorphosis into the sperm head, were considered to make this a stage when structural rearrangement and particularly interchange, that is, translocation, would be favoured. 36 
